Purpose: To assess the impact of sequential and combined surgery [cataract surgery and 23-gauge pars plana vitrectomy (PPV) with peeling] on corneal endothelium cell density (CED) and corneal biomechanical characteristics. Methods: Phakic eyes with epiretinal membrane (ERM) were prospectively allocated to (i) cataract surgery and subsequent PPV (CAT group), (ii) PPV and subsequent cataract surgery (VIT group) or (iii) phacovitrectomy (COMBI group). Eyes were examined at baseline, 1 month after each surgery, and at 3 and 12 months follow-up. Corneal endothelium cell density (CED) was assessed with non-contact specular microscopy. Pachymetry [central cornea thickness (CCT)], keratometry and cornea volume (CV) were measured with Pentacam Scheimpflug camera. Primary outcome was change in CED after 12 months; secondary outcomes were changes in CCT and CV after 12 months. Results: Sixty-two eyes were enrolled and allocated to the three groups. The mean preoperative CED was 2776, 2794 and 2653 cells/mm 2, which decreased significantly at 12 months by 15.3, 20.0 and 19.3% in the CAT, VIT and COMBI group. There was no significant difference in percentage cell loss between the groups at final follow-up. The CED decreased significantly after cataract surgery, but was unaffected by PPV. Central cornea thickness (CCT) increased by 10 lm (p = 0.005) and CV by 1.38 mm 3 (2.3%, p < 0.001) in the COMBI group. There were no significant differences in CCT or CV between the groups at final follow-up. Conclusion: Combined and sequential surgery in ERM leads to a small decrease in CED. Performing cataract surgery before, after or in combination with vitrectomy did not make any significant difference with respect to final CED, CCT or CV.
Introduction
The corneal endothelial cells (EC) play an important role in maintaining corneal transparency and thus the optical function of the cornea. Because of limited repair ability, any damage to the EC leads to a reduction in CED and disruption of the normal hexagonal cell pattern. When the CED decreases below a threshold, the cornea suffers from decompensation, resulting in oedema and increase in the CCT (Jacobs et al. 1982) . Previously, cataract surgery caused enormous loss of EC, but with enhancement of equipment and surgical techniques, the cataract surgery today results in an EC loss of 6-14% (Bourne et al. 2004) , while PPV causes a loss of 1-4% (Friberg et al. 1984) . Pars plana vitrectomy (PPV) is used to treat various vitreoretinal diseases including ERM (Kofod et al. 2016) . It is known that PPV accelerates the development of cataract, and vitrectomized eyes need cataract surgery subsequently (Thompson 2004) . Therefore, when a phakic eye with a vitreoretinal disease is referred for PPV, one has to decide whether to perform PPV or cataract surgery first, or to perform combined surgery (phacovitrectomy) (Savastano et al. 2014 ), because we expect these eyes to need both procedures. The concerns of corneal complications are rarely the emphasis in vitreoretinal surgery. Nonetheless, corneal decompensation is not a negligible cause of visual loss after an otherwise successful surgery (Pang et al. 1986 ), particularly in ERM eyes that obtain good anatomical and functional results (Kofod et al. 2016) .
The aim of this study was to assess the effect on the CED, CCT and CV in various sequences of surgery in eyes with ERM. Cataract surgery in previously vitrectomized eyes is more challenging and may cause a bigger loss of EC. Therefore, additional attention to the EC must be paid in eyes with concomitant vitreoretinal diseases, especially in cases with a preoperative low CED. We hypothesize that performing cataract surgery first before dense cataract develops, or in combination with the vitreoretinal procedure before vitreous support is lost, is the most gentle approach with respect to postoperative EC integrity.
Materials and Methods
The study was carried out at the Department of Ophthalmology, Rigshospitalet -Glostrup, Copenhagen, Denmark. The study was approved by the Danish Committee for Health Research Ethics (H22012020 and H15004292), and informed consent according to the tenets of the declaration of Helsinki was obtained from all subjects. Data handling and management were according to the guidelines described in the Danish Code of Conduct for Research integrity (Ministry 2014 ). This study is registered at Clinicaltrials.gov (NCT02413619). The primary outcome is change in CED after 12 months; secondary outcomes are changes in CCT and CV after 12 months. Inclusion criteria are idiopathic ERM, binocular visual complaints consistent with ERM, age >50 years, refraction <AE5 D and astigmatism <3 D, best-corrected visual acuity (BCVA) >35 Early Treatment Diabetic Retinopathy Study (ETDRS) letters. Exclusion criteria are previous intraocular surgery or laser-refractive procedure, history of previous head or ocular trauma, corneal comorbidity (e.g. preexisting cornea dystrophy or opacity). Allocation was guided by a randomization list; however, several participants refused the assigned allocation and allocation based on patient's wishes was granted. Included eyes were allocated into one of three arms: (i) cataract surgery and subsequent PPV (CAT group), (ii) PPV and subsequent cataract surgery (VIT group) or (iii) phacovitrectomy (COMBI group).
Examinations
Clinical examinations were carried out by one experienced staff member (H.H.) and were performed at baseline, 1 month after each surgery, 3 and 12 months after surgery.
Examination included refraction, BCVA, slit-lamp biomicroscopy, fundoscopy, Goldmann tonometry and spectral domain optical coherence tomography (SD-OCT) (Heidelberg Engineering, Heidelberg, Germany) of the macula. Measurement with the Scheimpflug tomographer (Pentacam HR, Oculus, Wetzlar, Germany) was performed with the 25 pictures scan setting. The Pentacam provided the CCT, CV, anterior chamber depth, anterior chamber volume and keratometry values (K1 value at 90°, and K2 value at 180°). Three photographs of each cornea were taken with a non-contact specular microscope (SP 3000P, Topcon, Japan). The pictures were analysed independently with the IMAGE-NET imaging system (version 3.16.0, Topcon, Japan). The Image-net software provided automated EC statistics, but an unblinded manual correction of the traced cell borders was performed and the EC variables were recalculated as a mean of the three images. The CED, the variation in the size of the endothelial cells (VAR) and the percentage of hexagonality were hereafter obtained.
Surgical procedures
All surgeries were in local anaesthesia. Cataract surgery was performed by experienced surgeons and included phacoemulsification with in-the-bag IOL implantation through a 2.4-mm clear corneal or limbal incision. Vitreoretinal procedures were performed by a single experienced surgeon (M.C.) and included transconjunctival sutureless 23-gauge three-port PPV, internal limiting membrane (ILM) peeling, use of dyes and fluid-air exchange at the end of surgery. Laser photocoagulation was applied if any suspected or real retinal tears were found. The interval between the two surgeries was 1 month. In combined surgery, the cataract surgery was performed before PPV during the same session. The postoperative drug regimens consisted of topical nepafenac 1 mg/ml and a combination of dexamethasone/chloramphenicol, both administered four times daily for 3 weeks. After vitreoretinal procedures, dorzolamide/timolol was administered twice daily for 5 days.
Statistics
For the power calculation, a clinically important change in CED was defined as a loss of 300 cells/mm 2 . It was calculated that 18 eyes were needed in each group to obtain a power of 80% and a type 1 error (significance level) of 5% with respect to the primary outcome (the CED). A computer database was created in Microsoft Excel as a fill-in form, and all statistical analyses was conducted using SAS software (release 9.4, SAS Institute Inc., Cary, NC, USA). Statistical assistance was provided by Section of Biostatistics, University of Copenhagen. Oneway analysis of variance compared the three groups, and a p-value of 0.05 was used to declare statistically significant difference. Means are expressed using standard deviation. Analysis was with an intention-to-treat approach. Lastobservation-carried-forward method was applied in case of missing or incomplete data.
Results
We assessed 137 patients with an idiopathic ERM and included 69 eyes. Seven eyes were excluded before allocation either because they withdraw their informed consent or did not meet the inclusion criteria after all (because of secondary ERM, advanced glaucoma or the need of general anaesthesia). Twenty-three eyes were allocated to the CAT group, 19 to the VIT group and 20 to the COMBI group. Four eyes in the CAT group had resolved visual complaints after cataract surgery, and subsequent PPV was no longer indicated, so these four eyes were also excluded. No serious pre-or postoperative complications occurred (retinal detachment, endophthalmitis or vitreous haemorrhage). There were no cases of anterior capsular tear, dropped nucleus, posterior capsular rupture, use of iris hooks or malyugin ring. None of the eyes had air in the anterior chamber following vitrectomy. No patient required any additional surgical intervention. Ocular characteristics at baseline are comparable in the three groups (p > 0.05), see Table 1 . The mean age was 70 years. The measured EC parameters (CED, VAR and hexagonality) at follow-up examinations are indicated in Table 2 , and the changes at the 12 months follow-up are calculated in Table 4 . In the groups with sequential surgery, the loss of EC can be differentiated between the two surgical procedures: the CED decreased just after the cataract surgery, but did not change significantly after the PPV. No eyes suffered of corneal decompensation, and no eyes had a CED of <1400 cells/mm 2 at 12 months. The coefficient of variance of EC size (the VAR) did not change significantly, see Tables 2 and 4 . The CCT increased in all groups, but only significantly in the COMBI group (10 lm, p = 0.005), see Tables 3 and  4 . The change in CV was also only significant in the COMBI group (p < 0.001). There was no change in the K1, but the K2 changed in all groups. No adjustments were needed for multiple comparisons because none of the outcomes was significantly different between the groups. With multivariate correlation analysis, we found that the CED at 12 months was strongly correlated with CED at baseline (r = 0.73). The change in CED was not correlated with the change in CCT (r = 0.15); however, the percentage CED loss was weakly correlated with the change in CCT only in the COMBI group (r = 0.26).
Discussion
In the present study, we evaluated different sequences of surgery: combined phacovitrectomy and two-step sequential surgery (either cataract surgery or vitrectomy first and the other procedure subsequently). We aimed to investigate the impact on the count and morphology of the EC and on the biomechanical characteristics of the cornea. We found that all groups had a significant loss of EC after the surgical procedures, but as expected, the CED decreased only significantly after the cataract surgery, not the vitrectomy. The EC loss was slightly smaller in the group that started with cataract surgery (the CAT-group) but not significantly so as compared to the other surgical strategies. One possible explanation is that these in most instances were only incipient cataracts at the time of surgery. It is also the case in combined surgery (phacovitrectomy), which can be performed even when the lens is clear at the time of surgery, because cataract formation and progression is a common consequence of vitrectomy (Thompson 2004 ). This theoretically should be an advantage for the EC, as less ultrasound energy would be required. Based on this argument, one could recommend performing the cataract surgery either first or simultaneously with vitrectomy. In theory, if starting with vitrectomy and waiting for the cataract to develop, the subsequent cataract surgery will be more challenging and require more ultrasound power and energy resulting in higher EC damage (Akinci et al. 2008) . In the present study, the interval between the two steps of surgery, however, was too short (4 weeks) to confirm this.
We found a decrease in CED of 15-20%, which is consistent with previous studies, although the decrease ranges from 4% to 23% in different studies (Storr-Paulsen et al. 2007; Reuschel et al. 2015) . In addition, the morphological indices of the EC (VAR and hexagonality) changed in all groups, but without significant difference between the groups. Due to the variability in the CED and hexagonality determined from the images (Reuschel et al. 2015) , we took the mean of three measurements (i.e. three pictures at each examination). The number of EC that need to be counted on each picture in order to obtain a maximum accuracy is controversial: some are satisfied with 30 cells (Benetz et al. 1999) , others requires 75 (Doughty et al. 2000) . We aimed to have at least 75 cells at each Mean AE standard deviation. VA = Visual acuity (measured as number of letters at the Early Treatment Diabetic Retinopathy Study chart), CCT = central corneal thickness, CV = cornea volume, CED = cornea endothelial cell density, VAR = coefficient of variance of endothelial cell size, ACD = anterior chamber depth, K1 = keratometry value 90°, K2 = keratometry value 180°. Mean AE SD (standard deviation). Measured at baseline, between the two surgeries (however not for the COMBI group), at the 1, 3 and 12 month follow-up. p-value among the three groups. CED = cornea endothelial cell density, VAR = coefficient of variance of endothelial cell size (cell size variation).
picture analysed for improved precision. We used manual retracement, which are more accurate than the automated cell count with the IMA-GENET software (Cheung & Cho 2000) . Controversy exists over the postoperative length of time required to evaluate the CED, but 3 months are usually accepted for cell loss and reorganization to stabilize (Bourne et al. 2004 ). In our study, the CED changed significantly between the 1 and the 3 months examinations (p = 0.022 in the COMBI group), but the CED was stable after 3 months (p > 0.21). Some have considered the CCT to be a useful indicator of EC function (Lundberg et al. 2005; Suzuki et al. 2006) . The observed transient increase in CCT with subsequent progressive decrease has previously been described in cataract surgery (Aribaba et al. 2015) , PPV (Watanabe et al. 2012 ) and combined surgery (Watanabe et al. 2015) . This study, in common with other studies, assessed the EC with non-contact specular microscopy in the central cornea and with a range of <1 mm 2 per picture. Thus, we did not take regional differences into account and did not evaluate the total EC function (Azen et al. 1983 ). Mapping of the cornea thickness using pachymetry software obtained with a Scheimpflug camera (in the Pentacam) can assess the entire cornea and can estimate the CV (Hayashi et al. 1994 ). The group with combined surgery had a small but statistically significant increase in CCT and CV; however, a CCT increment of 10 lm is within the range of the measurement error of repeatability of the Pentacam device (Nam et al. 2010) , and it is therefore probably a finding without clinical importance. We did not find a clear correlation between changes in CED, CV and CCT. The usefulness of the CV is still not established (Suzuki et al. 2006) , and the CED is still the widespread accepted parameter in the assessment of the surgical damage to the EC and Measured at baseline, between the two surgeries (however not for the COMBI group), at the 1-, 3-and 12-months follow-up in the three groups. P-value among the three groups. CCT = central corneal thickness, CV = cornea volume, K1 = keratometry value 90°, K2 = keratometry value 180°. Mean AE standard deviation (p-value compared to baseline for each group). The p-value in the last column is among the three groups. CED = cornea endothelial cell density, VAR = coefficient of variance of endothelial cell size, CCT = central corneal thickness, CV = cornea volume, K1 = keratometry value 90°, K2 = keratometry value 180°.
for evaluating the invasiveness of surgery (Watanabe et al. 2015) . Following PPV for ERM, there is a small risk of retinal detachment (2%) (Rizzo et al. 2010) , which might require a second PPV with tamponade. Silicone oil tamponade is known to potentially cause keratopathy leading to EC loss and cornea decompensation (Pang et al. 1986 ). In our study, none of the eyes had retinal detachment or vitreous haemorrhage in the follow-up period. The CED decreases with age, but the decrease accelerates after cataract surgery. The annual EC loss in pseudophakic eyes is 2%, while the decrease in phakic (not operated) eyes is 1% (Cheng et al. 1985) . This makes attention to the EC even more important in younger patients. Although surgical approaches in phacoemulsification and vitreoretinal surgery are continuously improving, further refinements will additionally improve the safety for the EC (Takahashi 2016) .
In our clinical study, we could not find a statistically significant long-term difference in density or morphological characteristics of the EC following cataract surgery and PPV, either simultaneously or in various sequences. The outcomes were similar and we found that the sequence in the present setting does not play a role. There are some limitations to this study: we did not systematically register amount of used ultrasonic energy, surgical time, pupil size and grade of cataract. We suggest considering these issues in future studies. We advocate for performing cataract surgery either first or simultaneously with vitrectomy. On the contrary, if vitrectomy is performed first, which is the case in most clinics, the subsequent cataract surgery on a denser cataract will in theory cause more EC damage. As far as we know, this is the first study comparing all the three mentioned sequences in a prospective study of EC outcome.
